Abstract ProMOL, a plugin for the PyMOL molecular graphics system, is a structure-based protein function prediction tool. ProMOL includes a set of routines for building motif templates that are used for screening query structures for enzyme active sites. Previously, each motif template was generated manually and required supervision in the optimization of parameters for sensitivity and selectivity. We developed an algorithm and workflow for the automation of motif building and testing routines in Pro-MOL. The algorithm uses a set of empirically derived parameters for optimization and requires little user intervention. The automated motif generation algorithm was first tested in a performance comparison with a set of manually generated motifs based on identical active sites from the same 112 PDB entries. The two sets of motifs were equally effective in identifying alignments with homologs and in rejecting alignments with unrelated structures. A second set of 296 active site motifs were generated automatically, based on Catalytic Site Atlas entries with literature citations, as an expansion of the library of existing manually generated motif templates. The new motif templates exhibited comparable performance to the existing ones in terms of hit rates against native structures, homologs with the same EC and Pfam designations, and randomly selected unrelated structures with a different EC designation at the first EC digit, as well as in terms of RMSD values obtained from local structural alignments of motifs and query structures.
Introduction
As part of the Structural Biology Extensible Visualization Scripting Language (SBEVSL) initiative, ProMOL [1] is a plugin for the molecular graphics system PyMOL [2] . ProMOL is written in Python 2.7 and utilizes a templatebased function prediction method in an attempt to classify proteins of known structure but unknown function [1] . The method involves compilation of an extensive library of structural motif templates based on well characterized enzyme structures with active sites that are defined in the Catalytic Site Atlas (CSA) [3] . Initial screening of approximately 3,500 PDB structures of unknown function with ProMOL led to tentative function assignments for 65 of these structures [4] . In ProMOL, the motifs are generated with the Motif Maker interface and are defined by the PDB ID's of the native structures, EC designations, types, numbers, functional components, and chain affiliations of catalytic site residues (Fig. 1) . The motifs are stored as Python script files and include all functional atoms in the side chains of the amino acids that comprise the active site, stringency parameters such as Tolerance Factor (2.00 Å by default) and optional inclusion of backbone atoms. The motif templates in ProMOL are defined by the distance between the atoms of the amino acids involved. The Tolerance Factor represents the acceptable variation in distance between atoms that ProMOL uses when deciding if a query structure is a match for the motif template. Presently, the ProMOL library contains 181 motifs that were generated and tested manually. The Motif Finder interface is used to screen the motifs against query structures. The method of motif search is based upon relative distances between catalytic site residues (Fig. 2) .
As of mid-2015, the Protein Data Bank (PDB [5] ) contains over 4,000 structures without an assigned function. Expanding the motif library will increase the predictive capacity of ProMOL. The larger the number of motifs in the library, the greater the chance of identifying enzymatic functions in these proteins. The automated generation algorithm allows users to create motifs at a higher rate and in a more systematic fashion. [6] , a chemotaxis receptor methylesterase. The motif is defined by the PDB ID and EC designation of the native structure, amino acid types, amino acid positions, chain affiliations, and functional components of active residues. b Graphical representation of the corresponding atoms included in the active site motif definition of 1CHD. Selected distances between b-carbons are shown. Query structures can be screened for motifs composed of the same residue types and within similar distances of each other
Materials and methods

Automated motif generation algorithm
ProMOL contains a motif library of enzyme active sites that is divided into ''sets''. The previous release of Pro-MOL included a library of 181 motifs that were manually generated using the Motif Maker in ProMOL; these motifs are designated the ''P set''. In this manuscript, we describe the creation of two additional sets: the ''AP set'' and the ''A set''. Motif templates in the AP set are generated automatically based on the exact structures and residues that were used to manually create the P set. Motif templates in the A set were subsequently generated automatically based on literature-based entries in the Catalytic Site Atlas.
To test the algorithm, the AP set of 112 motifs was generated automatically based on the original P set of 181 motif templates. Here we explain why the number 181 was pruned first to 157, then to 116, and finally to 112. Motif definitions for the new AP set were created directly from P set motifs. Residue names, loci, chain, and EC code were obtained from Python files for P set motifs. Identification of functional components of residues as S (sidechain), as N (backbone amide nitrogen) or as O (backbone carbonyl oxygen) was obtained from the CSA. The only difference between P and AP set motifs is the inclusion of functional Fig. 2 Screening query structures. a ProMOL's motif finder interface showing the result of screening the active site motif of 1CHD, a chemotaxis receptor methylesterase, against one of its homologs, PDB entry 1A2O. The results include a Levenshtein distance of 0 [7] and RMSD values for local structural alignments. b A local structural alignment of 1CHD (white) with its homolog, 1A2O (red) [8] . All catalytic residue types and numbers are identical in the two methylesterases. Moreover, this functional similarity is not detected with BLAST [9] and while Dali [10] is able to recognize 1A2O as structurally similar, the similarity is only moderate (Zscore 5.1, RMSD 3.5 Å , identity 9 %) component information that is required in the auto generation algorithm that may include backbone atoms for selected residues, when those backbone atoms contribute to catalysis. When the auto generation algorithm was developed, we included only active site entries found in the CSA (1) that contained between 2 and 10 residues and (2) that had the active site located on chain A. If an enzyme had active sites on multiple chains, a motif was automatically generated only in cases where the active site on chain A was identical to active sites on all other chains, i.e. no bifunctional enzymes. Given those rules, motif definitions were not created for 24 PDB entries found in the P set, leaving 157 candidates for automated motif definition. After the auto generation algorithm was run for the remaining 157 definitions, 116 motifs were saved. In the auto generation algorithm a motif is saved only if the matching subset is identical to the motif definition with tolerance factor C1.00. Of the 157 definitions, 41 motifs were not created because they did not select the matching set of residues in the proper range for tolerance factors. Our concern is that tolerance factors below 1.00 would allow for very little variation in position for active site residues, potentially reducing the number of true positives dramatically. Four additional motif definitions were removed from the test pool due to ambiguities or disagreements on EC class assignments between CSA and the PDB, leaving a total of 112 motif definitions available for comparisons between the P set and the AP set.
Testing against ''itself''
To initiate the automated motif generation algorithm, a user must enter a comma separated list of PDB entries in the file pdb_list.txt which is located in the/modules/ pmg_tk/startup/ProMol folder (location depends on the operating system). Once the user clicks on the Auto button (Fig. 1a) , the algorithm builds the motif and begins by screening the motif against its native structure. When the screening is completed, ProMOL returns a collection of residues that satisfy the distance constraints. The matching subset may include residues that satisfy the distance constraints but that are not found in the motif definition, because of inclusion of atoms from other residues of the same name at similar distances and inclusion of atoms from residues in multiple chains. These anomalies are highly unlikely for motifs of four or more residues. The algorithm stores the motif only if the matching subset returns the identical collection of residues as are found in the motif definition. If the initial matching subset contains extraneous residues, the algorithm first increases the motif stringency by including the backbone atoms of all residues in the definition and rescreens the motif against the native structure. If the extraneous residues are still present in the matching subset after the inclusion of the backbone atoms, the algorithm proceeds to decrease the Tolerance Factor (TF, 2.00 Å by default). At each iteration, the algorithm decreases the TF by 0.10 Å and rescreens the motif against its native structure. If the extraneous residues are not eliminated with the TF decreased to 1.00 Å , the algorithm abandons the current motif definition. This process is summarized in Fig. 3 . Motifs that are successfully created by the automated process are then saved in the ProMOL motifs folder. The motifs folder is a subfolder to the Pro-MOL folder that is created at the same level as the promol.py plugin code as part of the ProMOL installation process.
Testing against homologs
These motifs were then tested against homologs. Initial testing of the automatically generated motifs was performed against homologs that were defined simply as PDB entries that shared the same EC class. For subsequent studies, the definition of the homolog was refined to be PDB entries that shared the same EC class and Pfam [11] family. The reason for this change is explained in more detail for the testing of the A set of 296 motifs below.
Testing against unrelated structures
Alignments were conducted in ProMOL using PDB entries chosen at random, using a copy of one of the PDB entry indices in Microsoft Excel, introducing a column of randomly generated numbers and sorting on this random number. Randomly chosen structures were limited to EC classes that differed at the first digit when compared to the motif definition.
Following these initial tests, the A set of motifs was created from selected entries in the CSA, which contains more than 18,000 motifs. The library of motif definitions was compiled from the literature-based entries in the Catalytic Site Atlas (CSA) database [3] ; each entry contains a list of components from enzyme active sites:
• EC number of the native structure Of the 18,000 motifs in the CSA, there are only several hundred distinct structural active site motifs with good specificity and good support in the literature. A library of 388 motifs was initially created with the automated tool based only on CSA motifs, which were chosen for the following characteristics:
• They are based on literature citations.
• They contain more than one amino acid residue.
• If an active site was found to occur in more than one chain in a PDB entry, the motif was only created if the catalytic site residues were the same in all identical chains (see ''Conclusions and future plans'' section)
The automated motif collection was reduced from 388 to 296 due to a low number of homologs in some cases and to motif instability during testing for others. The Motif Maker tab in ProMOL was modified to include the algorithm to automatically create motifs based on catalytic site definitions found in the CSA.
Resources
The code is open source and available under a GPL license on SourceForge at https://sourceforge.net/p/sbevsl/code/ HEAD/tree/trunk/promol_auto/. Automated motif generation is available in ProMOL version 5.4 r452 and greater.
Results and discussion
We initially set out to validate the performance of the automated motif generator by comparing the predictive capability of automated motifs to manually defined motifs. Fig. 3 Automated motif generation algorithm. When the motif is tested against itself (i.e. against the structure on which it is based), ProMOL returns a matching subset, a collection of residues that satisfy the distance constraints. The matching subset may include residues that are not found in the motif definition. The algorithm stores the motif only if the matching subset returns an identical collection of residues as in the motif definition Automated protein motif generation in the structure-based protein function prediction tool… 105
The automated motif generator was used to render a duplicate of 112 of the existing 181 1 manually generated motif templates (P); the new motifs were designated AP motifs. 2 For a given motif, we estimated the true positive rate as the percentage of known homologs against which the motif produces a positive hit. The false positive rate for a motif is estimated as the percentage of unrelated structures against which the motif produces a positive hit. Then the performance of the motif sets was compared in terms of hit rates in native structures, known homologs with the same EC and Pfam designation, and 100 randomly selected unrelated structures (Table 1 ). The two motif sets based on the same set of native structures but generated with different methods exhibited similar hit rates against homologous structures (70.25 and 71.59 % for the P Set and the AP Set, respectively) and against unrelated structures (3.79 and 4.32 % for the P Set and the AP Set, respectively). The true positive rate for both sets of motifs is different from the 62.63 % value reported previously for the full P set of 181 motifs [1] . The differences result from the following changes in the matching algorithm: (1) the use of a more restricted definition of a true positive to be one with a Levenshtein distances B1, rather than accepting Levenshtein distances of 2 and 3 as in the prior results, (2) the use in the present instance of a smaller set of the most reliable 112 motifs for which positive results with Levenshtein distances B1 could be achieved, and (3) restricting the definition of a homolog to be a molecule agreeing in both EC number and Pfam family, rather than the EC number alone. Perhaps the greatest impact of adopting this new approach to homolog definition is a reduction of the false positive rate from the value of 18.51 % reported previously [1] to *4 % reported here.
In addition to comparing hit rates in homologous and unrelated structures, a second approach to testing the performance of the automated motifs versus the manually defined motifs was by analysis of the variance in the average root-mean-square deviation (RMSD) measurements obtained from the respective local structural alignments. ProMOL has the built-in capability to calculate RMSD values between all atoms, a-and b-carbon atoms, and all a-carbon atoms in local structural alignments of motif template to the tested structure. The AP set motifs have slightly higher hit rates against homologous and unrelated structures and slightly higher average RMSD measurements (Table 1 ; Fig. 4) . Combined, these results suggest higher sensitivity for AP Set motifs. Nevertheless, for both motif sets, the all atom RMSD measurements in alignments to homologs were found to concentrate predominantly within 0-1 Angstroms (Fig. 4a, b) . We observed no significant differences in average RMSD measurements between P and AP Set motifs (Fig. 4c, d ). In addition, for both motif sets, the RMSD distributions indicate that the local alignments against homologs are of much higher quality than those against unrelated structures. Taken together, a comparison of the hit percentage on homologous or unrelated structures and associated RMSD measurements indicates that automatically generated motifs perform just as well as manually generated motifs.
After validating our approach to automated motif generation, we subsequently created 296 additional automatically generated motifs and tested them against all of their homologs, based on EC class-a total of 23,065 functionally annotated PDB entries. Using this approach, only 42 % of homologs were found based on alignment with the appropriate motif templates by ProMOL. This number was significantly lower than the hit rate of 62.63 % reported in [1] , so we pursued the following series of structural and sequence alignment studies.
Even with these adjustments, the hit rate was still significantly lower than expected for some sets of homologs, so we explored two cases more deeply: EC class 4.2.3.3, the methylglyoxal synthases; and EC class 2.4.2.31, the NAD ? -protein-arginine ADP-ribosyltransferases. EC class 4.2.3.3, the methylglyoxal synthases, has nine entries in the PDB. A multiple sequence alignment with MUSCLE [12] revealed that the six catalytic site residues listed in the Catalytic Site Atlas were highly conserved for all members of EC class 4.2.3.3, with the exception that two structures (PDB entries 1S8A and 1S89) are site-directed mutants at position 98 (Fig. 5a) [13] . Motifs were generated manually for the seven structures containing all six active site residues: HIS-19, GLY-66, ASP-71, ASP-91, HIS-98, ASP-101 (residue numbers taken from PDB entry 1B93 [14] are used for this discussion). For all generated motifs, the Tolerance Factor was kept at the default of 2.00 Å . In each case, the backbone atoms for GLY were added to the motif. Six of the seven motifs returned only the six correct residues when tested against themselves. In the case of 1VMD, the backbone atoms for the ASP-91 were included in the motif to eliminate additional residues when tested against itself. To see if the motif's native structure has an effect on its true positive hit rate, we screened the seven motifs against the nine PDB entries from EC class 4.2.3.3 (Fig. 5) . We found that motifs based on different homologous native structures exhibit variable true positive rates. For example, the motifs based on 1B93 [14] and 1IK4 [15] , were each found in four of their eight homologs while the motif based on 1VMD [16] was found in six of its eight homologs; in two cases one residue from the motif template (ASP-101) was not detected in the query. The motif based on 2XW6 [17] was found in six of its homologs as well, but in four cases, residue ASP-101 was again not detected in the query. ProMOL did not align the two query structures containing site-directed mutations at position 98 (1S8A and 1S89) with any of the motif templates and these were omitted from Fig. 5 [13] .
These results suggest subtle structural differences in active sites of enzymes of the same EC designation. In cases, such as the query of 1B93 against the motif template for 2XW6, ProMOL did not find ASP-101 in the query structure (Fig. 6) . Four of the residues aligned quite nicely: HIS-19, GLY-66, ASP-71, and ASP-91. The two HIS-98 residues were somewhat distant from each other in the alignment, but had a similar orientation and were found by ProMOL. The ASP-101 residues, on the other hand, are oriented in different directions and were not found by the alignment algorithm in ProMOL. The results in Table 1 are pertinent to this argument as well. The RMSD values for the AP motifs (automatically generated versions of motifs from the P Set, which were manually generated) are about one tenth of an Å higher than with the P motifs. These results indicate that catalytic site structural variations within the same EC class can be significant enough to necessitate additional motif definitions to allow for successful prediction. For instance, inclusion of three motif definitions in ProMOL for the methylglyoxal synthases, based on 1B93, 1VMD, and 2XW6, would be sufficient to allow successful prediction of all the EC class members.
We performed a similar analysis of the NAD ? -proteinarginine ADP-ribosyltransferases (EC class 2.4.2.31), which contain four catalytic residues: SER-147, GLU-159, ARG-184 and GLU-189. Only four of the fifteen EC 2.4.2.31 structures in the PDB contained all four catalytic residues. A motif template based on one of these four structures, 1OG1 [20] , aligned well with 1GXY [21] in ProMOL/PyMOL. The other two structures were determined with different crystal lattices (1GXZ [21] , 1GY0 [21] ), which may explain the lack of alignment by Pro-MOL. Two of the structures contained site-directed mutants at this position (1OG3 E189I [20] ; 1OG4 E189A [20] ). In this case, then, the best possible alignment results in ProMOL would have been 4/15 (27 %) but ProMOL actually found 2/15 alignments (13 %).
Sequence comparison studies (either directly in PyMOL or with Clustal Omega [22] ) revealed that a significant percentage of the overlooked homologs shared function with the templates but did not share the same active site residues because of residue substitution. For example, in the case of EC class 2.1.2.2, only 10 of 32 structures have all 4 active site residues based on a multiple sequence alignment in Clustal Omega. The other 22 PDB entries have threonine in place of serine in the active sites. Pro-MOL still finds 15 of 31 3 homologs of PDB entry 1CDE [23] , a serine-containing member of EC class 2.1.2.2. A motif based on the active site of PDB entry 3DA8 [24] , which contains a threonine in place of the serine in the active site, aligned with 12 of 31 3 homologs. This includes 7 that aligned with 1CDE (with a Levenshtein distance of 1, reflecting the threonine for serine substitution) and 5 that were uniquely aligned to 3DA8. All of the homologs that aligned with the 3DA8 template contained threonine. In the case of EC class 2.1.2.2, then, the addition of a separate motif containing threonine in place of serine, would have enabled ProMOL to identify 5 additional members of this EC class.
A number of other factors also contribute to a reduction in the hit rate.
• Truncated PDB entries. PDB entry 1PL3 [25] (EC class 1.1.99.18) is a truncated structure that does not contain the active site residues. • Catalytic residue substitution. A motif template based on PDB entry 1GA8 [26] failed to align with a homolog, 1SS9 [27] , that is a member of the same EC class and is a member of the same Pfam family. Close examination of 1SS9 revealed an E189Q mutation in the active site. Any such substitution to a catalytic Each motif was screened against itself, against homologs of the same EC and Pfam designation, and against 100 random unrelated structures. The hit rates and average RMSD values for structural alignments are comparable for the two sets generated with different methods residue would interfere with current versions of ProMOL recognizing a homolog. • Residue differences in CSA active site definitions.
Careful study of the entries in the CSA revealed active sites from the same EC class that contained different residues. In the case of EC class 1.11.1.10, the following residues are listed for the active sites on four different structures. • Prosthetic groups and metal ions. Many enzymes contain prosthetic groups that are not included in the existing motifs. For instance, PDB entry 1WNW [30] (Heme Oxygenase, EC class 1.14.99.3) contains a heme group that is not present in the CSA motif. This is addressed under future work below.
Even taking all of these examples into account, we still had cases for which the ProMOL motifs as used in Motif Finder identified active site residues in less than 20 % of homologs, as defined by EC class. Sequence comparison of all members of these low-scoring EC classes revealed that these EC classes frequently contained members with poor sequence alignments that were missing some or all of the active site residues defined by the CSA for that EC class. For example, PDB entry 1ZRZ [31] is a member of EC class 2.7.11.13, which has 59 member structures in the PDB. ProMOL found active site residue alignments in 18 of the 59 structures. Of the 18 alignments in ProMOL, 15 were found to come from Blue blocks indicate positive hits that contained all residues. Individual residues are identified for cases where five residues aligned, but one of the residues in the motif template was not found in the query structure. Additional citations include 1EGH [14] , 1WO8 [18] , 2X8W [19] the same Pfam family, PF00069. We saw this pattern repeatedly and, therefore, decided to limit the definition of homologs as those structures that shared both EC class and Pfam family. Using the 296 automatically generated motifs, we found that the hit rate was 66.2 %.
Conclusions and future plans
According to our tests, motifs created by the automated motif maker perform at the same level as motifs that have been created and tested manually. In the process of testing, we have conducted alignments of over 23,000 PDB entries against 296 automatically generated motifs. The overall hit rate for homolog alignment is still lower than desirable (45 % if we define homologs as being members of the same EC class), but we have identified a number of factors that contribute to the low hit rate. Enzymes are assigned to EC classes ''according to the reaction they catalyse'' (http://www.chem.qmul.ac.uk/iubmb/enzyme/rules.html), rather than the sequence or structure of a protein. When homologs were defined as structures that shared the same EC class and Pfam family, the hit rate increased to between 66 and 72 % for the A set, the P set and the AP set. Other factors that affect the hit rate are related to changes in the active site residues, since alignments in ProMOL are based on active site templates. These include active site residue substitutions, either by nature or by design, truncated protein structures that lack some or all active site residues, and the presence of metal ions and prosthetic groups in enzyme active sites.
Future versions of ProMOL will address these concerns. The next version of ProMOL will include common residue substitutions, such as SER/THR, ASP/GLU, and ASN/ GLN, as well as metal ions and common prosthetic groups. As was mentioned in the case of methylglyoxal synthases, we often find that one template in a particular EC class or Pfam family is not effective in identifying all homologs, sometimes even in cases where we see more than 50 % sequence identity, which suggests that including more than one motif definition from the same EC class increases the chance of correct function assignment. This is analogous to Pfam families, which are not defined by single sequences, but are built from ''seeds''-the minimal set of sequences needed to build the family [11] . In order to completely cover an EC class, we may need to create motifs from multiple enzymes in that family. Originally our focus was on structures that were characterized by a single active site replicated identically in all chains. While useful in some cases, we have found this to be unnecessary, and will adopt the Pfam approach of treating each chain as an independent molecule, extending the motifs library and search algorithm to identify motifs that are different in different chains, or active sites that exist at interfaces between two chains. We also plan to develop methods to identify structures that lack the active site residues, either because of truncation or site-directed mutagenesis.
Up to this point, we have limited the number of catalytic site motifs to achieve reasonable ProMOL/PyMOL search times. With the implementation of our database (http:// promoldb.blogspot.com/, manuscript in preparation), this is less of a concern. Automated motif generation will facilitate this process and should enable us to create and test over 10,000 new motifs in the next year, based on the pool of active site templates in the CSA. We then plan to use our expanded motif library to analyze all protein structures in the PDB and enter these results in our database. A database-ready version of ProMOL is under development that first will scan the database for existing alignments and then return these to the user (a process that will take seconds over a normal Internet connection), rather than the current 5-10 min run time for each individual protein query. 
